Timing-Driven Hierarchical Global Routing with Wire-Sizing and Buffer-Insertion
for VLS| with Multi-Routing-Layer
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Abstract—In thehigh performanceVL Sl with multi-layer lay-
out model, the complexity of the global routing problem becomes
much high under timing constraints. This paper presents a hi-
erarchical global routing method based on a multi-layer routing
model for the high performance standard cell layout. In each hi-
erarchical level, the routes of nets are determined by solving a
linear programming problem considering wire-sizing and buffer-
insertion under timing constraints. Wehaveimplemented thepro-
posed method on awor kstation and showed the effectivenessof the
method from experimental results.

I INTRODUCTION

With recent advances of deep-submicrontechnologies, VLS
has been used in various kinds of electronics products. Nowa-
days, the number of transistors mounted on a state-of-the-art
VLS chip is about 108. In such a VLSI chip, interconnect
design plays an important role in determining the chip perfor-
mance[3], and in recent years, many interconnect optimization
techniques, including interconnect wire sizing, driver sizing,
buffer insertion and sizing, have been proposed and shown to
be very effective for interconnection delay reductions [6, 13].

As the another concern of the routing process, the routing
layers have become more than two. In the past, with one or
two layers available for global routing, the job was ssimply to
find the routing channels needed for each net. Asthe VLS
technologies evolved, the multi-layer (more than two layers)
routing makes issues, such as via minimization and layer as-
signment, much more difficult. In the future, the number of
layers of a chip will have more than six or eight [7].

In the high performance VLS| with the multi-layer layout
model, the complexity of routing problem becomes much high
under timing constraints. Although there have been many pre-
vious methods for the global routing problem in VLSI layout
design, there have been few results on the problem with the
multi-layer model. Eugene and Sechen have proposed a multi-
layer chip-level global router [9], but their layout model is the
macro-cell design style. Timing constraints have not also been
considered in their method. So, in this paper, we propose a
timing-driven hierarchical global routing method with wire-
sizing and buffer-insertion for a multi-layer channel-less stan-
dard cell layout model. To estimateinterconnection delay accu-
rately, we adopt the delay estimation model based on EImore's
delay model [8].

In the proposed method, we treat a multi-layer model for
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very large scal e circuits and route nets considering both thetim-
ing constraints and the routing congestion simultaneoudly. In
the proposed routing method, first, the routing area is divided
into sub-regions called blocks. Initialy, layout area consists
of 4x4 blocks. Each block at a certain level is divided into
4x 4 recursively. Next, we route nets in each 4x 4 region si-
multaneously by solving the linear programming problem, in
which each possible route of a net is represented as a routing
pattern meeting timing constrai nts considering wire-sizing and
buffer-insertion. After 4 x 4 routing, we divide the routing
area hierarchically and set terminals among sub-regionsin the
next hierarchy level. We repeat area routing and hierarchical
decomposition until the predetermined level.

Thispaper isorganized asfollows. In Section 11, we describe
the layout model and graph model used in this paper. In Sec-
tion 111, we propose atiming-driven hierarchical global routing
algorithm with wire-sizing and buffer-insertion. In Section 1V,
experimental results and the evaluation of the proposed algo-
rithm are shown. Finally in Section 'V, we describe the conclu-
sions and future researches.

I1  PRELIMINARIES

A. Layout Model

The layout model we assume in this paper is the cell based
model which consists of row based standard-cells and some
macro-cells. Moreover, a channel-less cell layout model can
be used. We assume that the interconnections are done using
six routing layers. However, it is possible to extend our rout-
ing method to the multi-layer layout model with more than six
routing layers. The routing layer consists of a pair of vertical
and horizontal wiring layers. We call ith pair of routing layer
simply :th routing layer(i = 1,2,3). The wire width and the
wire space of ith routing layer are represented as w; and s;, re-
spectively, and we define the wire pitch of ith routing layer as
¢; = w; +s;. We assume the wire pitch satisfies g1 < g2 < g3,
thatis, thewirepitchislarger than those of lower routing layers.
So, we call each layer which has different routing pitch, local,
semi-global, and global routing layers, respectively (Figure 1).

B. Graph Model

In our proposed method, we perform the global routing hier-
archically. The entire layout areais divide into 4 x 4 regions.
We call each region ablock. The depth of hierarchy iscaled a
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level. Initialy, on level 1, the layout areaisdivided into 4 x 4
blocks, and subsequently, on each level I(1 < | < [), the

whole chip areawill be divided into 4 x 4' blocks (Figure 2).
On each level, aborder is aline between two adjacent blocks.
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Fig. 2. Hierarchical decomposition.

The routing area is represented by hierarchical graph G; =
Vi, Ey) at level 1. A vertex v, € Vi represents the block
with x-coordinate ¢ and y-coordinate j. Each edge €+, €
E; connects adjacent vertices in the graph. The edges on the
horizontal and vertical directionsarerepresented ase; 4 Lig and
€i,itl,) respectively. Each vertex v,,,, € V; corresponds to
aset of 4 x 4 vertices V,,2"® = (Vi “ 40 <0 < dp+
3,49 < j < 4q+3} atleved [ + 1, and decomposed graph of
Vi o denoted as DGO = (V70 B, 0), is defined with
the edges connecting adjacent vertices (Figure 3). Each edge

Fig. 3. Decomposed graph.

€ii+ly, € B has routing capacity for each routing layer. This
provides constraints on the number of nets that can be routed
through the edge. We define the routing capacity of €i,i+1,, ON
each routing layer as,

@ ®
CAPZ z+l(l) - (capl L1+l ap L1+l ap ; “'l(l))

If somerouting areaof the macro-cell region is prohibited to be
used for routing, the routing capacity of the edges on the layer
h may besetto zero: ap {7,y =0,

The number of nets passing through the edge €i,i+1,, ON each
routing layer is represented as,

€ 2 (€)
zz+l(l) (fz z+l(l)’fz z+l(l)’fz “'l(l))’

and the routing congestion of €i,i+1,, ON each routing layer h
(I<h<3as
h — h h
dns Sz)+l(l) ap g,i)-i-l(l) fz(zl-l(l)
In order to satisfy therouting capacity constraj nt, we must route
all nets under the condition that ds ), > 0.

7, z+l

At each level [, aroute of the net n; E N/ is represented
asaSteiner-tree 73(n;) = (V/, £/, L), where V/ C V; consists
of vertices corresponding to terminals of the net and Steiner
points, £/ C E; represents directed edges connecting vertices
in v/, and L is a mapping of each edge to a layer to be used
for routing, that is, the layer assignment of each edge. A global
route of each net n; € N correspondsto 7 (n;) of each net at
level L.

III THE ProPED ROUTING ALGORITHM

In this section, we will propose the timing-driven hierar-
chical global routing agorithm with wire-sizing and buffer-
insertion. Asmentioned above, we can treat amulti-layer rout-
ing model for interconnecting terminals. Since each routing
layer has different wire width and wire spacing, we determine
suitable wire width for each net so as to satisfy the timing and
routing congestion constraints. We call this selection of wire
width wire sizing in this paper.

The proposed routing algorithm is based on hierarchical
routing [5, 15] and consists of three phases. In this approach,
hierarchical decomposition of the problem into subproblemsis
performed so as to reduce the complexity of the overall global
routing problem. The subproblems are solved, then the partial
solutions are combined to produce a solution to the original
global problem. In our routing algorithm, the top level corre-
spondsto the entirelayout, which isdecomposed to 4 x 4 blocks
in atop-down fashion. At each level of the hierarchy, we route
a set of netsin each 4x 4 regions simultaneously considering
the interconnection delay and the routing congestion. We for-
mulate each routing sub-problem as a 0-1 integer program. In
the formulation of the 0-1 integer program, a variable is asso-
ciated with arouting pattern of a net which satisfies the timing
constraint with wire-sizing and buffer-insertion. After hierar-
chical decomposition reached to the lowest level £, therouting
congestion can be calculated and we rip-up some nets which
violate the timing constraints and reroute them in the bottom
up approach, taking into account the routing congestion.

Phase 1. At leve I, find the routes of the nets in each 4x4
region by solving the 0-1 integer program.

Phase 2: Perform hierarchical decomposition and assign the
virtual terminals at the border of each block.



Phase 3: Repeat Phases 1 and 2 until thelowest level £. Then
check the timing and routing congestion constraints, and
reroute the nets violating constraints with a bottom up
manner until no more improvement can be achieved.

In the following, we describe the details of each phase.

A. Phasel: 4x4 Area Routing

In the first phase, we route nets N/ € N in 4x4 region at
level [ simultaneously so asto minimizethe routing congestion
by solving the 0-1 integer program. Thisrouting was achieved
on the 4x 4 decomposition graph. Since it is very difficult
and time-consuming to find all routes of netsin N/ consider-
ing wire-sizing and buffer-insertion simultaneously, we select
asubset of nets N/’ C N/, formulate the 0-1 integer program
for N/, solve the subproblem of finding routes for ;' simul-
taneously. We solve those subproblemsin m; timesand obtain
the whole routes of nets in N/ at level [, where m; satisfies
|N/| < my|N/|. Intheformulation of the 0-1 integer program,
each 0-1 variable z;; is associated with each possible routing
pattern j of anet n;, and we determine their patterns so that the
routing congestion is minimized by selecting a particular set
from many possible routing alternatives. We produce a set of
routing patterns P; of each net n; which meets the timing con-
straints by wire-sizing and buffer-insertion so that the routing
result given by the solution of the 0-1 integer program satisfies
the timing constraints.

[ 4 x 4 Area Routing ]

Step 1: Calculate the timing slack of N/.

Step2: Select N/’ from N/ in decreasing order of the
timing slack, and generate routing patterns for
each netin N/'.

Step 3: Find routes of netsin N/* by solving theO-1 in-
teger program.

Step 4: Repeat Steps2 and 3in m; times.

1. Sepl: Calculation of timing slack

Intrinsically, inthe hierarchical routing approach, therouting
of a net may not be completed in a 4x4 region and its termi-
nals may include the virtual terminals (the virtual source and
the virtual sink are explained in the next section), which are
introduced in the hierarchical decomposition process. The in-
terconnection delay, however, must be calculated based on the
actual terminal positionsto estimate the interconnection delay
more exactly.

We estimate the interconnection delay from the given rout-
ing topology, in which the root of a subtree may be the virtual
source and each wireis determined from the current routing so-
lutions of each block(Figure 4). Moreover, if ablock includes
more than one terminal s, we estimate the interconnection delay
with making a subtree whose root is placed at the center of the
coordinates of all the sinks.

The delay of each sink is calculated under the Elmore de-
lay model [8], where each wire connecting two nodes has the
Manhattan length. Sincefringing capacitance hasalso been be-
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Fig. 4. Interconnection delay estimation.

coming a dominant factor of signal delay in sub-micron VLSI
chips, we consider it explicitly in our delay model.

The timing slack, denoted as S{(i, ), at sink ¢ of net n;, is
presented as,

Sl §) =req(i §) —d@ ), D

where re ¢i) and d(7) are the required and actual delays of the
sink 4, respectively. If the value of the timing slack of sink ¢
is larger than athreshold delay d;j, we call the sink 7 a criti-
cal sink of net n;, and net n; having critical sinks are called a
critical net, where dy, isaconstant given by the user.

The timing slack of net n; is the minimum value of &l the
timing slack of sink 4, and defined as,

Si(n;) = mi {SI j)| snki of n;} )

So, the net which has asmaller sack value is more critical un-
der given the timing constraints.

2. Routing Pattern Generation

Next, we will select a set of |V/'| nets from N/ at level [ in
decreasing order of thetiming slack of the net, and for each net
wegenerate aset of routing patternswhich are candidates of the
net route. Each routing pattern p;; of net n; is different in its
routing topology, in itswire width, or in the number of inserted
buffers. For aset of routing patterns 2; of n;, theinput vari-
ables of 0-1 integer program are defined in the following step.
The purpose in this step is to generate a set of different routing
patterns of a net as much as possible, which satisfy the timing
constraints considering wire-sizing and buffer-insertion. Since
the number of possible routing patterns may be exponential in
the size of the routing graph, we set the maximum number of
routing patternsto P, SO as to reduce the computation time
without degradation of the routing solution.

In generating the routing patterns of each net, we focus on
both the interconnection delay and the routing congestion. For
the critical nets, to reduce the delay using the wire-sizing and
buffer-insertion, the minimum delay route will be generated.
On the other hand, for the non-critical nets, routing patterns
with many different topologies which satisfy the timing con-
straints are generated so that the chance of selection for re-
ducing the routing congestion will become much high. Note
that, because of the characteristics of the circuit data and the
feature of the top-down hierarchical decomposition, more than
half of all nets are two terminal nets. From these reasons, we



will proposetwo routing pattern generation algorithms, onefor
two terminal nets, and the other for nets having more than two
terminals.

[ Pattern Generation for Two-Terminal Nets]

Step 1. For each two terminal net n;,, repeat steps shown be-
low.

Step 2: Generaterouting pattern £;;, with the shortest path be-
tween terminals on local layer.

Step 3. If thenetiscritical,
then minimize the delay of 7;;, by applying wire-sizing
and buffer-insertion.

Step 4: Generate a routing pattern without using the edge in
P;;, by weighted maze routing, where the weight of the
edge is the routing congestion.

Step 5: If the generated routing pattern violates the timing
constraints,
then minimize the delay by applying wire-sizing and
buffer-insertion.

[ Pattern Generation for Multi-Terminal Nets]

Step 1. For each multi-terminal net, repeat steps shown below.

Step 2: Generate arouting pattern as the minimum length tree
151, onlocal layer(Fig.5(a)).

Step 3: If the net is critical, then make the minimum length
tree without a critical sink, connect source and a critical
sink with the shortest path(Fig.5(b)).

Step 4: Select a pair of sinks with which the sum of their ca-
pacitancesis minimized, and make a subtree by weighted
maze routing(Fig.5(c)). Repeat this procedure until the
treeis constructed.

Step 5: If agenerated routing pattern violates the timing con-
straints, then minimize the delay by applying wire-sizing
and buffer-insertion(Fig.5(d)).

For the multi-terminal net, it is difficult to find the routing
pattern as the Steiner tree satisfying the timing constraints. In
generating a new generated routing pattern, we will check the
timing constraintsand if it violatesthetiming constraint, then it
is abandoned. After applying wire-sizing and buffer-insertion
to reduce the delay, the timing constrains may be satisfied.

o o O O+
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(a) pattern p1 (b) pattern p2
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Fig. 5. Example of routing patterns of amulti-terminal net.

3. Sep 3: Routing by 0-1 integer program

Ineach4x 4 arearouting, all the selected nets v}’ are consid-
ered simultaneously instead of being routed in a particular net
ordering. Candidate routes p;; which are generated in the pat-
tern generation step are identified and represented as 0-1 vari-
ables z; ;. For the netsin N/’, each actual route is determined

by solving the O-1 integer program. The formulation of the 0-1
integer program is as follows:

[Routing by 0-1 integer program]

maximize Y

subject to

ZlgyiP,le:l Z:].

bl bl

A

X(u,v, k) + Zp,jeA(u,v, prij=o0- capg“v)(l) Yu,v, k

ZVH,EN” Zp,jEPl B(Z J’p’Q) S S(v(pq)(l)) vaq(l) S ‘/l/
Y < X(i g, k) Yigk

z;; € {0,1}

where Y is the minimum routing slack, P; is the set of rout-
ing patterns of net n;, X (u,v, k) means routing slack of ¢{",
B(i j,p,q) standsfor the number of buffersusedto p; ;inwv,,,,
S(vpy,,) representsthe number of allowablebuffersin v, , and
A(u,v, k) isaset of therouting patternswhich passthrough the
edge ey, ON kth layer.

Since we will solve the subproblem of routing for N/, the
routing capacity isgivenasé - c aff) (0 < 6 < 1). Although
0-1integer program produces an optimal solution if itissolved,
the computation time would be very large. So, we consider the
relaxation of this formulation, in which integer constraints are
replaced with 0 < ;; < 1. An obtained optimal solution by
solving this linear program is a fractiona solution. We use a
randomized rounding algorithm [11, 12] to obtain an integer
solution from afractional solution.

B. Phase?2: Hierarchical Decomposition

In thisphase, the level of hierarchy isdown to the next lower
level, and we decompose each block at the current level to4x 4
blocks at the next level. At that time, the virtual terminals are
placed on the boarder of blocks to map the obtained routes of
netsto the next level (Figure 6).

In this section, we call a pair of blocks to which the virtua
terminals are assigned a slot, and denoteit asu; (7 = 1,2, 3, 4)
. Asshown in Figure 6, aslot consists of a pair of the adjacent
blocks on the boarder of 4 x 4 regionsat level [ + 1, where the
boarder meansthe rectangle line of ablock in level [.

C% level |
1 decomposition
slots
™ » level 1+1
LJ i
Y - PY
virtual sink  virtual source

Fig. 6. Slotsand virtual terminals.

When hierarchical decomposition is done, the route of a net
split by decomposition must be reconnected by a pair of virtual



terminals, which are placed on aslot. We haveto assignanet to
one of four possible slot positions with which the net is passing
through the boarder. Our approach uses linear assignment [4,
10] to this slot assignment problem. For each net n; and any
candidate dlot «;, we estimate the cost cost(n;, u;) resulting
from that assignment. This cost function is classified into the
following three cases:

Casel: cos(n;,u;) = «-lengt Kt ern, s). Thevirtual termi-
nal is connected directly to the terminals of a cell.

Case2: cos(n;,u;) = 4. Thevirtual terminal is connected to
avirtual terminal.

Case3: cosln;,u;) = lengt Hcut s). Thevirtual terminal
connects to the end of a segment.

where length(term,s) is the length between the terminal of a
cell and a dlot, length(cut,s) is the length between a boarder
of a segment passing through and a slot, and «, 3, v are pre-
determined constants.

We estimate the cost from both the right and left sides
cost,cosf, and the total cost function is cosn;, u;)
cosf(ng,u;) + cosi(n;, u;). We formulate the linear assign-
ment problem using this cost function, and solve it by an algo-
rithm [4] to determine the positions of virtual terminals. As-
signment of virtual terminals on vertical directionisdonein a
similar manner.

C. Phase3: Bottom Up Rerouting

upper level |

(a) acurrent route (b) routing at lower level 1+1

[ ——s
[T w7 T X7
/ Ll L Z 2R

WY —— day iy v P —
L L L 7 L 7 7 7/

Lz L L 77 7 77/

(c) routing at upper level | (d) the route after rerouting

Fig. 7. Bottom up rerouting.

After repeating Phases 1 and 2 until the lowest level £, al-
though all nets are routed, some nets might cause the timing
violation due to the discrepancy of estimation of the intercon-
nection delay and the net based timing constraints(Fig.7). In
Phase 3, we rip-up these nets and reroute them so asto satisfy
the given timing constraints. When rerouting the nets, we use
a bottom up routing approach considering the routing conges-
tion in which almost nets have already been routed. In bottom
up approach, the routes of nets are determined from the lowest

level L.

After ripping up nets which violate the timing constraints,
first, wewill routetheminsideof ablock at level [+1 (Fig.7(b)).
Thisis done on the decomposition graph of ablock, that is, on
hierarchical graph at level [ +1 where weighted mazerouting is
performed to find aroute with the minimum routing congestion.
Next wemust find arouteat level [ (Fig.7(c)), at the upper level,
and we find the minimum delay route. Finally, this obtained
route is rerouted at level | + 1 as the same procedure in Phase
2.

IV  EXPERIMENTAL RESULTS

The proposed globa routing algorithm has been imple-
mented in C language, and run on a Ultra Comp Station model
170 with SunOS5.5. We have experimented it to the IS
CAS/MCNC benchmarks shown in Table I. For these bench-
marks, logic synthesis and technology mapping were per-
formed by SIS1.2 [14] and the placements were generated by
TimberWolf7.0 [2].

In this table, “#constraints’ is the number of timing con-
dtraints. “avqg_largex4” was generated by combining four
“avq_large’ circuits as an example of the large scale circuit
which has more than 100,000 cells and nets. Table Il shows
the delay parameters used in the experiments.

TABLE|
CIRCUIT DATA

Data #eells #nets | #l/0O | #constraints
s38417 7572 7600 134 2619
s38584 8622 9002 342 2729
s35932 11838 11873 | 355 2823

avg-large 25114 25384 64 3422
avglargex4 || 100456 | 101536 | 176 13688
TABLEI
THE LA Y PARMEES (0.18um MIOS wm ).
Parameters value
Min Gate Resistance (Q) 280
Wire Resistance o (Q/ m) 0.076
Wire Capacitance 8 (f F'/ wm) 0.044
Fringing Capacitance cf (f F'/ um) | 0.055
Buffer Gate Delay (nsec) 0.125
Buffer Output Resistance(Q) 210
Buffer Input Capacitance(f F') 1.0
Viadelay (nsed 0.022

In the following, we describe the parameters used in the ex-
periments. Sincethe hierarchy level determines the size of the
global routing gird, we will decompose the chip area until the
size of ablock has become the standard cell size (level 5). The
0-1 integer program in Phase 2 runs under the case that the
number of nets (|V/]) is 500, and the maximum number of
patterns for anet (Prax) i 30. We solve the relaxed linear pro-
gram by using the linear programming package LOQO [1]. In
Tables 111 and 1V, we show the experimental results. In these
tables, “wire_length” isthetotal wirelength (xm). “wire_ratio”



isthe completionratio of routing, i.e., theratio of the number of
routed nets satisfying timing constraints to the total number of
nets (%). “delay” is the maximum delay in the circuit (nsec).
“#buffer” is the number of buffers which were inserted, and
“CPU" is CPU time(sec).

First, Table 111 shows the results after Phase 2 at the lowest
hierarchy level, that is, these results are obtained by only top-
down hierarchical routing with wire-sizing and buffer-insertion
without rerouting. From thistable, the almost nets were routed
in hierarchical routing with satisfying the timing constraints so
that the rerouting process is needed to run in a short computa-
tion time. The complete routing results after rip-up and rerout-
ing satisfy the timing constraints for al benchmark data. The
computation time is reasonable for large scale circuits which
have more than 100,000 nets.

TABLEII
ROUTING RESULTS AFTER PHASE2.
data wire_length | wire_ratio | #buffer CPU \

s38417 1331421 98.5 43 513
s38584 2357728 96.4 89 3109
s38932 3281321 97.2 128 4918
avg-large 8932138 97.3 381 8830
avg-largex 4 17898376 96.3 837 | 43296

We have also compared the routing results with the ones ob-
tained by the method without wire-sizing and buffer-insertion.
In the case of no wire-sizing and no buffer-insertion, the wire
width of each layer isthe same asthat of local layer, that is, al
layers havethe minimum wire width. Therouting patterns con-
taininginserted bufferswere not generated. Table IV showsthe
routing results after hierarchical routing(Phase 3). From Tables
[l and 1V, the proposed method effectively produces the rout-
ing results satisfying the timing constraints. We also note that,
without wire-sizing and buffer insertion, no feasible routing so-
[utions can be obtained.

TABLE IV
ROUTI NGRES UITS WI THOUT WL RE-S1 ZI NGND BUFFER- I NS FIH ON.
data wireratio | delay CPU
s38417 635 | 542 328
s38584 724 | 832 2232
s38932 86.2 | 892 3874
avg-large 62.9 9.93 6328
avq-largex 4 2.7 9.21 | 38789

V  CONCLUSIONS

In this paper, we proposed a timing-driven hierarchical
global routing algorithm with wire-sizing and buffer-insertion.
The proposed algorithm assumes the multi-layer layout model
which has different wire width on each routing layer. From
the experimental results, the proposed routing agorithm suc-
cessfully produces all routes of nets with satisfying the timing
congtraints.

For futureresearch, wewill improve the routing pattern gen-
erating algorithm, because quality of routing patterns deter-

mines the overall performance of the proposed agorithm. Ex-

tension of the proposed algorithm to the one in which crosstalk

istaken into account is another important subject.
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